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use  extrapolated  microwave  dielectric  values  when  designing  millimeter  wave  compo¬ 
nents  and  systems.  Our  recent  highly  accurate  broadband  millimeter  wave  data  on 
complex  refract 1  ye  index,  complex  dielectric  permittivity  and  loss  tangent  are  now 
aval lable  to  engineers  for  a  variety  of  materials  such  as  common  ceramics,  semicon- 
ductors,  crystalline  and  glass  materials.  The  fact  that  dielectric  loss  increases 
with  frequency  in  the  millimeter,  unlike  the  microwave,  is  an  important  feature  of 
our  data.  Reliable  measurements  also  reveal  that  the  methods  of  preparation  of 
nominally  identical  specimens  can  change  the  losses  by  a  factor  of  three - _ 
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large  differences  were  found.  [IJ  Therefore,  it  is  essentia)  now  that  a  full 
description  of  a  material  be  available  along  with  accurate,  reproducible  measu¬ 
rements  of  its  dielectric  properties.  Thus,  it  has  now  been  shown  that  not  only 
is  a  microwave  measurement  of  loss  tangent  untrustworthy  at  millimeter  wavelengtl 
also  can  be  inaccurate  and  i rreproducable . 

The  important  differences  in  nominal ly-i dentical  specimens  can  only  be 
detected,  verified  and  understood  by  using  the  most  soph i st icated-hi ghl y  sensitii 
highly  stable  equipment  backed  by  most  detailed  evaluation  of  the  theory  of  the 
technique.  Therefore,  it  is  important  to  rely  upon  a  "center  of  excellence"  as 
a  source  of  practical  data.  Our  "Digest  of  Millimeter  Wave  Materials  Informatior 
and  Measurement"  is  now  available  for  distribution. 

When  reliable  and  reproducible  millimeter  wave  data  become  available  for  a 
sufficiently  large  variety  of  materials  as  in  the  case  of  submillimeter  wave  dat< 
the  origi’n  of  the  losses  can  be  discussed.  In  the  meantime,  we  have  been  able  td 
develop  a  few  clues  which,  nevertheless,  should  be  helpful  in  engineering  design 
because  all  of  these  materials  (GaAs,  Si,  A^Oj,  SiO^,  BeO,  ZnSe,  ZnS,  spinel) 
are  widely  used  in  modern  electronic  systems.  For  example,  in  some  materials, 
high  purity  is  not  as  important  as  the  manufacturer's  method  or  preparation.  We 
also  know  that,  for  the  semiconductors,  the  highest  resistivity  is  needed  to 
prevent  free  carrier  absorption  and  electron  plasma  reflection. 

Absorption  Effects: 

The  good  news  is  that  all  of  these  are  tow-loss  materials.  The  bad  news  is 
that  the  absorption  coefficient  varies  among  nomi na 1 1 y- i dent i cal  specimens  de¬ 
pending  upon  different  manufacturer's  methods  of  preparation.  The  fundamental 
parameter,  a,  the  absorption  coefficient,  is  the  reliable  figure  of  merit  for 
comparison  of  materials.  Whenever  one  tries  to  use  e"  or  tan  6  as  a  comparative 
measure  of  dielectric  losses,  they  may  be  misled  because  e"  and  tan  6  are  fre¬ 
quently  dependent 

It  is  surprising  that  such  a  common  material  as  S i O2  (fused  si  1 ica  glass) 
should  be  an  excellent  example  of  this  problem.  The  absorption  coefficient  pro¬ 
file  of  Corning  U.V.  Grade  glass  is  nearly  the  same  as  that  of  Si02  deliberately 
contaminated  with  a  heavy  ion,  T%  Ti02-  On  the  other  hand,  the  lowest  loss  ma¬ 
terial  on  the  ent ire  list  is  water-free  S i O2  from  Thermal  American  Fused  Quartz 
Company.  Before  we  all  begin  to  think  that  some  reliable  rules  have  been  devel¬ 
oped  such  as  the  insensitivity  of  the  absorption  to  heavy  ion  contamination.  We 
should  note  that  MACOR,  the  Corning  machineable  ceramic,  has  ten  times  hiqher 
loss  than  any  material  in  our  list. 

Hot  pressed  ceramics  have  much  lower  losses  than  cold  pressed  ceramics  of 
the  same  chemical  composition.  For  example,  hot  pressed  BeO  containing  (sfclithia 
flux  made  by  Union  Carbide,  exhibits  kl%  less  absorption  loss  at  300  GHz  than  th < 
cold  pressed  Ceradyne  Cerraloy  Al8  S  99.5  beryl lia. 

Somewhat  the  same  effect  must  occur  in  the  case  of  ceramic  AI2O3  because  we 
were  surprised  again  when  AL995  had  lower  losses  than  A1999  despite  the  presump¬ 
tion  that  the  latter  has  higher  purity.  Crystal  sapphire  (A  1 2O3 )  exhibited  only 
half  the  absorption  loss  compared  to  any  ceramic  alumina,  as  expected,  but  was 
not  better  than  Thermal  American  water-free  fused  silica. 

The  extrapolated  microwave  data  upon  which  we  have  been  depending  in  the 
past  for  guidance  to  low-loss  millimeter  wave  materials  was  the  most  misleading 
in  the  case  of  magnesium  aluminum  spinel.  Having  been  led  to  expect  that  hot 
pressed  MgA^Ojj  spinel  would  be  an  order  of  magnitude  better  than  alumina,  we 
found  only  a  17%  at  1 50  GHz.  _ 
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The  semiconductors  such  as  GaAs  and  silicon  are  a  very  special  case  because 
of  millimeter  wave  free-carrier  absorption  and  electron  plasma  reflection.  The 
highest  possible  room-temperature  resistivity  must  be  specified  to  assure  the 
smallest  number  of  electrons  in  the  plasma.  High  resistivity,  quoted  in  ohm-cm, 
is  different  for  different  semiconductors  having  different  electron  effective 
masses  and  different  dielectric  constant.  For  example,  a  single  crystal  of  GaAs 
having  a  low  resistivity  of  the  order  of  magnitude  of  10**  ohm-cm  was  opaque  but 
excellent  low- loss  measurements  were  obtained  with  high  resistivity  (-10°  ohm-cm 
high  purity  single  crystal  Gal  1 ium  Arsenide  specimens.  In  the  case  of  silicon,  a 
high  resistivity  of  10**  ohm-cm  was  satisfactory  while  10^  ohm-cm  was  a  high  loss 
material . 

In  some  cases  the  parameter  tan  S  =  e'Ve1  can  be  misleading  in  millimeter 
wave  technology.  The* measurements  on  low-loss  liquids  provide  us  with  a  conve¬ 
nient  illustration  of  this  although  the  same  phenomenon  is  present  in  solids  to 
a  laser  extent.  While  the  absorption  coefficient  increases  with  frequency, 
tan  6  decreases  for  low  loss  liquids  such  as  fluorocarbons  and  cyclohexane.  In¬ 
creasing  absorption  is  fundamental  to  all  liquids,  polar  and  non-polar,  because 
we  are  on  the  tail  of  a  broad  submi 1 1 imeter  absorption  band.  Why,  the,  should 
tan  6  decrease  with  frequency  giving  us  exactly  the  opposite  impression  of  the 
losses?  The  trouble  arises  in  e"  =  <5n/2iTV  when  the  product  an  fails  to  in¬ 
crease  with  frequency  as  rapidly  as  v.  Then  the  slope  of  e"  is  negative  where 
the  slope  of  6  is  positive. 

As  standard  dielectric  reference  materials,  [10]  the  liquids  surpass  al!  of 
the  solids  because  of  the  control  over  manufacturing  processes  and  microqua 1 i ta- 
tive  chemical  analysis.  We  have  selected  two  groups  of  electronic  coolant  f 1 u i d 4 
to  be  included  in  our  measurement  program.  The  Dow  Corning  dimethyl  siloxanes 
have  higher  cooling  capacities  but  also  higher  dielectric  loss  than  the  3M  fluor4 
carbons.  The  fluorocarbons  are  available  in  several  chemical  compositions  and 
generally  exhibit  as  low  dielectric  loss  as  we  have  seen  in  the  best  solids. 

Dispersion  Effects 

k 

Normally  the  magnitude  of  the  refractive  index,  n  ~(e‘)  is  limited  in 
accuracy  and  reproducab i 1 i ty  to  three,  sometimes  four,  significant  figures  in 
most  measurements.-  This  dielectric  constant,  £'  is  indeed  nearly  constant  as  a 
function  of  frequency  and  is  adequate  for  all  engineering  applications.  Never¬ 
theless,  serious  problems  arise  when  one  must  assess  the  engineering  consequence^ 
of  differences  among  siblings  in  a  batch  of  material,  different  sources  of  the 
same  material,  different  methods  of  preparation,  different  aging  processes  such 
as  neutron  irradiation  or  high-power  e lectromagnet ic  radiation,  and  environmenta 
changes  in  properties  caused  by  assimilation  of  water  vapor  of  chemical  pollutants 
These  problems  can  only  be  solved  by  using  the  dispersive  Fourier  transform 
spectrometr ic  method  which  uniquely  provides  the  refractive  index  to  six  signifi-| 
cant  figures  at  millimeter  wavelengths  in  low  loss  materials.  Our  refraction 
spectra  of  fused  silica,  alumina,  beryllia,  gallium  arsenide,  silicon,  zinc  sul¬ 
phide,  zinc  selenide.&fl uorocarbon  fluids  show  massive  features  as  a  function  of 
frequency  in  the  fifth  significant  figure  and  fine  structure  in  the  sixth  figure} 
The  differences  can  be  determined  simply  by  inspection. 
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